Silicon thin films for coverages (θ) between 0.3 and 3 monolayers have been grown on rutile TiO 2 (110)-(1x1) at room temperature and studied by x-ray and ultra-violet photoelectron spectro- 
I. INTRODUCTION
SiO x -TiO 2 (0 ≤ x ≤ 2) mixed materials are interesting for many technological areas ranging from heterogeneous catalysis to semiconductor industry. Materials based on mixtures of titanium and silicon have been extensively studied due to their catalytic properties. [1] [2] [3] These oxides are good model systems in catalysis providing also a convenient support for metal catalyst preparation and to study the strong metal-support interaction (SMSI). 4 Furthermore, the formation of Ti-O-Si cross-linking bonds strongly modifies the electronic structure of the interface, yielding unique catalytic properties. 5 Titanium-silica films have also received much attention in optical applications due to their high thermal and chemical stability and controlled refractive index. 6 In the field of the renewable energy generation SiO 2 -TiO 2 thin films are used as working electrodes for dye-sensitized solar cells. 7 Furthermore, in micro-electronics new generations of metal-oxide-semiconductor (MOS) devices demand a reduction of the thickness of the insulating layer. Among the various possible insulators, TiO 2 has received an increasing amount of attention in recent years.
8,9
An important issue in the semiconductor or oxide-oxide systems is the sharpness of the interface and the presence of suboxides of well-defined stoichiometry. The growth of SiO 2 films on TiO 2 has been studied by Barranco et al. 10 , concluding that for low coverages (θ) SiO 2 grows in a layer by layer mode. Finally, the inverse system, i.e. TiO 2 on SiO 2 substrates 11-13 , as well as the oxidation of Ti films deposited on mono and multilayer SiO 2 /Mo(112) surfaces, are interesting in their own and have been reported in the literature too. 14 The TiO 2 (110)-(1x1) is the most studied rutile surface owing to its stability, a well established experimental procedure to obtain it, and the accurate determination of its composition and geometry.
15,16
It represents the bulk terminated stoichiometric surface, where two kind of Ti atoms can be found; along the [001] direction, rows of sixfold coordinated Ti atoms (Ti-6f) alternate with fivefold coordinated Ti atoms (Ti-5f). Similarly, two different classes of O atoms are created: in the main surface plane there are threefold coordinated in-plane O (O-3f), and twofold coordinated (O-2f) protruding bridging O atoms (see Fig. 1 (a), left panel). A small density of disordered point defects characterizes this structure. These have been attributed to vacancies in the bridging O rows produced during the sample preparation, sputtering and annealing in ultra high vacuum (UHV).
15,17
In this paper, we present experimental and theoretical work for Si thin films at low (0.3 2 ML), and high coverage (3 ML), on the However, we notice that our annealing procedure goes to higher temperatures than the ones reported for the formation of rosettes, making more likely that the current surface would be free of these. We remark that techniques used in this work do not provide direct access to detailed information about the number or distribution of defects on the surface, as for example the presence of oxygen adatoms, but the annealing to higher temperatures usually work to improve matters, in particular it has been reported that annealing to higher temperatures than 330
• C helps to get rid of these defects. 15 Pure Si was deposited on this TiO 2 (110)-(1x1) surface at room temperature (RT) using a home-made e-beam evaporator with a high purity Si rod as evaporation source. The rate of deposition was determined by evaporating Si on a polycrystalline Au substrate and determining the coverage by AES.
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In this study only two cases have been considered: 0.3 ML and 3 ML. Base pressure during the ulterior annealing of the Si 3 ML thick film has been monitored to be always below 10 −9 mbar to avoid contamination by traces of H 2 O or other residual gases (the sample holder was thoroughly degassed by going to higher temperatures than the ones used for Si deposition). The chamber is equipped with two non-monochromatic X-Ray sources, Al K α (1486.6 eV) and Mg K α (1253.6 eV), a He-discharge lamp (21.2 and 40.8 eV photon energy),
and an electron gun of 3 keV energy. UPS, AES and XPS spectra were recorded using a hemispherical analyzer. The overall resolution (source and analyzer) is 1.0 eV for AES, 0.8 eV for XPS and 0.3 eV for UPS measurements. The contribution of the Mg K α satellite lines and a Shirley type background were subtracted from the experimental spectra before the XPS data were analyzed. 23, 24 The Ti 2p, Si 2p and O 1s peaks were fitted using Voigt curves. AES data were acquired in the integrate mode N(E).
III. THEORETICAL
Ab-initio density functional theory calculations have been performed using soft pseudopotentials 25 and a plane-waves basis with a cutoff energy between 350 and 375 eV.
The exchange and correlation functional has been computed in a generalized gradients approximation suggested by Perdew, Burke and Ernzerhof, 26 and the Brillouin Zone has been sampled on a 8×4×1 Monkhorst and Pack mesh. 27 Actual calculations have been performed using the CASTEP program. 28 To characterize the electronic distribution in the near-surface region as accurately as possible we use a five layers slab to model the TiO 2 (110)-(1x1) surface, with one or two layers at the bottom of the slab kept frozen in bulk positions. All the calculations have been done at T = 0 K, relaxing the system until the total energy changed less than 10 −4 eV, and the maximum force on any ion was less than 0.01 eV/Å.
The relaxed geometry has been passed to a different DFT program working with a localized basis set (FIREBALL 29 ). Wave-functions are now expanded into a basis of numerical atomic orbitals with a finite spatial range (spatial cutoffs, see Table I ), yielding immediate access to the density of states (DOS) projected on different atoms. This reduced basis represents a simpler approach with respect to the use of plane-waves, but it is known to produce good results at a moderated computing cost. (Fig. 2) locates the second Si-atom directly above the in-plane three-fold coordinated O atom, at 2.67Å from the first Si atom; this is larger than the typical Si-Si distance in its crystalline form (2.35Å), but quite comparable to the Si-Si distance in the presence of oxygen, e.g. 2.665Å in stishovite, a dense tetragonal form of SiO 2 with the rutile structure. Therefore, the role of oxygen in the Si-Si interaction seems to be clearly established. We notice that in this configuration the second Si atom is not accommodated in the second best position for the adsorption of a single Si (between two oxygens). The optimum structure forms a Si zigzag pattern running along the (001) direction over the bridging O-2f (Fig. 2) , while the second best candidate locates the adatoms in a linear disposition along the (110) direction. Finally, we saturate the Si layer by locating a third Si atom (Si-3, θ = 1) in a symmetrical position between two zig-zag lines. Relevant distances for the optimum configuration are given in Table II , where we conclude that Si-1
and Si-2 remain bound to the surface through oxygen atoms while Si-3 forms a bond to Si-2 (d = 2.45Å, comparable to the Si-Si distance in crystalline silicon). At the same time,
Si-1 to Si-2 and Si-1 to Si-3 distances remain large, ≈ 2.6 − 2.7Å (Fig. 3) , making difficult for the last silicon arrived at the surface (Si-3) to interact with the oxygen directly below (d ≈ 3.7Å). We find a metastable configuration (+0.5 eV) with a Si-O distance of ≈ 1.8
A and a Si(3)-Si(2) bond length of ≈ 2.3Å. The difference in the total energy is important enough to make us to conclude that the short Si-Si distance in the presence of oxygen is unfavorable and cannot be compensated by the increased Si-O interaction. These results are summarized in Table II .
B. XPS
To characterize the nature of the Si-TiO 2 interface, we have studied the XPS of Si 2p, Ti 2p and O 1s core level spectra. spectrum for the clean (1x1) surface can be fitted to a single peak at 529.8 eV (Fig. 5(a) ), corresponding to O-Ti bonds. 36 We notice that for 0.3 ML there is a small increase in the high binding energy region at 531.2 eV (Fig. 5(c) ).
It is questionable to assign this feature to Si-O-Ti cross-linking bonds between the SiO x overlayer and the TiO 2 substrate, since fitting this feature we obtain a value of about 3% of the total O 1s area, which is within the experimental error bars in the fitting procedure.
However, at a Si coverage of 3 ML (Fig. 5(d) ) a tail in the high binding energy is better 
C. UPS and DOS
In this section, we shall analyze the experimental UPS spectra by comparing with the DOS calculated theoretically for the structures described above (Figs. 1b, 2, and 3 ). be explained by the bonding of oxygen with silicon, leaving some charge available to be transferred to the titanium substrate. This charge is partially connected to the occupation of the empty 3d levels of the Ti 4+ to give Ti 3+ , as reflected in Ti 2p XPS and UPS spectra, and the remaining charge is distributed in the available conduction band (e.g., as seen in our calculated DOS, where empty states mainly associated to Ti-5f are filled), inducing a shift in the valence band seen in our experiments. At 3 ML of Si coverage, a broad non-structured feature dominates the spectra between 4 and 9 eV below the Fermi level, and it is assigned to the non-bonding O 2p orbital of the SiO 2 valence band. 35 The line shape of the spectrum resembles the ones reported in the literature for thin films of amorphous silicon oxide. 44 This suggests a disordered layer, similar to the case of Si on the 1 × 2 reconstructed surface.
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Notice that there is a slight emission increase in the band gap region between 0 and 3 eV below de Fermi energy (inset in Fig. 6 ). This increase is not only due to Ti 3d states being populated, as it is shown by XPS in Fig. 5 . These states are located approximately at 0.7 eV binding energy and they do not spread beyond 1.0 eV from the Fermi level. We should mention that the presence of a SiOx layer might induce a shift in these states. However, we do not observe peaks in the band gap, only a constant increase in emission from the Fermi level to the minimum of the valence band at 3 eV (see inset in Fig. 6 ). Therefore, we favor the interpretation that this is due to the contribution of Si states appearing in the gap, an option supported by the theoretical DOS calculations (see below). Also, a shift of the valence band is observed, which moves away from the Fermi level between 0.3-0.4 eV. This effect is better appreciated in the He II spectrum. In addition, a new electronic state appears in the region of 10 eV, which is attributed to O 2p -Si 3s, 3p bonds. 44 Both for low and high coverages a decrease of the work function of 0.3 ± 0.1 eV is seen. For the low coverage of 0.3 ML on the (1x2) reconstructed surface an identical variation of the work function has been measured. 33 Nevertheless, at higher coverage the decrease of the work function is larger on the (1x2) reconstructed surface. This difference might be related to the ordered surface defects found in the (1x2) reconstruction, but not in the stoichiometric (1x1) surface.
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These observations are confirmed by our DFT calculations. In Fig. 7 as we have previously discussed in the discussion of UPS results (Fig. 6 ). Fig. 9 shows the structure of the UPS valence band spectra of a 3 ML Si film before and after annealing at 460
• C during 30 minutes. The spectrum shows essentially only one significant change: the appearance of a new structure in the 10-12 eV region. This feature also appears in Si films of 1 and 4 ML on the 1 × 2 surface reconstruction after a heat treatment. 33 We assign it to a strong Si-O bond between O 2p and Si 3s, 3p. Experiments have been performed at room temperature, while all the calculations are at T = 0 K, explaining why the experimental peaks show larger widths. Defects and disorder in the experimental system should further contribute to wash out peaks. However, there is an overall good agreement between the experimental UPS spectra and the calculated DOS that reinforces our interpretation of the data in terms of the theoretical models. This agreement is based in: (i) the similar width and shapes of the valence band shape and width in experiment and theory (Fig. 8), (ii) the nice correlation between the predicted theoretical contribution from Si around 10-11 eV below the Fermi level (Fig. 8 ) and the corresponding experimental features (marked with an arrow in Fig. 9 ), and (iii) the presence of Si states in the band gap (Fig. 8) , agreeing with the increased emission observed in the UPS experiment for the Si-covered surface (inset of Fig. 6(a) ).
V. CONCLUSIONS
Thin Si films have been prepared on TiO 2 (110)-(1x1) surface at room temperature in order to study the initial growth of Si overlayers on this surface. We conclude that for very low coverages (0.3 ML) the silicon grows as SiO 2 and suboxides SiO x with 1 ≤ x ≤ 2.
Furthermore, the substrate is reduced and the surface order begins to disappear. 
